A composite specimen interface-cracking (CSIC) test was developed to evaluate the effect of the characteristics of the interface between asphalt layers on resistance to topdown and reflective cracking. The system involves repeated tensile loading and monitoring of the rate of damage development (reduction in stiffness) on composite specimens specifically designed for this purpose. Top-down cracking tests were performed on opengraded friction course (OGFC) mixtures placed on dense-graded mixtures using both a conventional tack coat and a polymer-modified asphalt emulsion (PMAE) at a higher application rate. Reflective cracking tests were performed on dense-graded mixtures. Results clearly indicated that use of polymer-modified bonding material significantly reduced the rate of damage development for both top-down and reflective cracking. The testing and interpretation methods developed can be used to optimize bonding materials and application rates for enhanced cracking performance. The methods may also provide a suitable specification test for bonded systems.
Background
OGFC has been widely used in the United States to improve road safety under wet conditions because of its much higher percentage of air voids, in the range of 15% to 25%, as compared with dense graded mixture [1] . However, most of the OGFC research work done so far has been function related and most pavement design guidelines consider the OGFC as a wearing surface layer with no structural value. For pavements with OGFC, it was recognized that the OGFC mixture may be the 'first front' in resisting topdown cracking. However, due to its inherently high air voids and accelerated aging caused by direct exposure to UV radiation and high surface temperatures, OGFC mixtures have been reported to have considerably lower values of fracture energy density and dissipated creep strain energy to failure than dense graded asphalt mixtures [2] . Analysis of findings from pavement field sections in Florida has clearly indicated that the quality of the OGFC and the characteristics of the interface between OGFC and the structural mixture affect top-down cracking performance. In addition, recent laboratory work at the University of Florida [3] suggests that cracks that develop either in the OGFC or the hot mix asphalt structural layer can be effectively arrested and/or deterred by improving the characteristics of the bonded interface between the OGFC and the underlying structural mixture. In addition, pavement stress analyses have clearly indicated that debonding at the interface between asphalt layers results in stresses that are conducive to surface cracking [4, 5, 6] . Therefore, a reliable testing system and data interpretation method are needed for evaluation of the effects of characteristics of the interface between asphalt layers on resistance to top-down and reflective cracking.
Objectives
The objectives of this study are as follows:
 Evaluate a new testing and data interpretation system developed to assess the effect of interface characteristics on pavement cracking performance.  Present specimen preparation, testing and data interpretation methods.  Evaluate the effect of interface bond conditions on top-down and reflective cracking.
Scope
This study primarily focused on the presentation of newly developed testing, evaluation, and data interpretation method that allows for the characterisation of the effect of bonded interfaces on top-down and reflective cracking resistance. For top-down cracking, composite specimen interface cracking (CSIC) tests were performed on OGFC mixtures placed on dense graded mixture using both conventional tack coat and polymer-modified asphalt emulsion (PMAE). For reflective cracking, CSIC tests were performed on dense graded mixture placed on dense graded mixture using both conventional tack coat and PMAE. For both tests, one application rate was examined for each interface type, as this study was not meant to optimize application rate. All tests were conducted at one temperature (10°C), which has been determined in prior fracture research at the University of Florida to correlate well with cracking performance of pavements in the field.
Test and Data Interpretation Methods

Overview
Currently, tests available for pavement layer interface evaluation mainly focus on interface shear resistance. In addition, most existing tests are performed in monotonic mode, which is not representative of the pavement interface loading conditions under traffic [7] . Also, tests used to evaluate cracking resistance of interlayer materials require large specimens, which are relatively difficult to fabricate in the laboratory and more difficult to obtain from the field [8] [9] [10] [11] [12] . Tests commonly used to the determine the tensile properties of asphalt mixture; e.g., Superpave Indirect Tensile Test [13] and uniaxial tension test [14, 15] are designed to evaluate single asphalt mixture; they are not suitable for evaluating composite specimens normally composed of two types of asphalt mixtures with an interface in between. Therefore a new testing system, the CSIC test was designed to propagate a crack from one material layer through the interface to the other material layer(s), using easily obtained specimens, i.e. Superpave gyratory compacted specimens or cored field specimens.
Specimen Preparation and Test Method
Test specimens can be prepared from either Superpave gyratory compacted specimens or cored field specimens. The laboratory preparation process involves compaction, cutting, gluing and grooving as shown in Fig. 1 . The test specimen consisted of two separately prepared composite specimens bonded together at the pavement surface for top-down cracking and at the bottom of the structural layer for reflective cracking. The top-down cracking specimens were composed of a 25 mm thick OGFC mixture compacted on dense graded mixture; whereas the reflective cracking specimens were composed of a 19 mm dense graded structural layer on a dense graded overlay. For both specimen types, a 19.05 mm diameter stress concentrator is cored at the specimen center. The final specimen was trimmed to 38 mm depth from the original 150 mm diameter composite specimen. The specimen's curved ends were reinforced with carbon fiber to eliminate a potential bending failure. The CSIC test was performed by applying a repeated haversine load for 0.1 second followed by a 0.9 second rest period by way of two split cylinder yokes inserted in the hole in the center of the specimen (see Fig. 2 ). The radius of the two yokes was 9.5 mm, matching the radius of the stress concentrator in order to ensure uniform contact and to properly distribute the load. A seating load of 44 N was applied to ensure the specimen always in tension and that contact was never lost between the yokes and specimen. Four extensometers, two on each side of the specimen, were centrally mounted on gage points attached to the specimens at a distance of 19.1 mm from the composite specimen symmetrical plane. A plan view sketch of a specimen depicting load and measurement system is shown in Fig. 2 (dimensions in parentheses correspond to reflective cracking specimens).
Data Collection and Interpretation Method
Extensometer data was acquired at a rate of 5 samples per second and plotted to allow the operator to observe for abrupt changes in deformation as an indication of local damage evolution. If a sudden change occurred, or whenever desired, the operator recorded a burst of data for 6 consecutive loading cycles at a rate of 500 data points per second, which allowed for calculation of the specimen's total recoverable deformation (see Fig. 3 ).
The total recoverable deformation, which is inversely related to the specimen's stiffness, was calculated to facilitate comparison of the specimen's behavior and performance throughout the test. The specimen stiffness was calculated from the average of the total recoverable deformation of the four extensometers, and the average applied load for the six load cycles. Do not include headers, footers, or page numbers other than those already set in this manuscript. Note that the headers, footers or page numbers are different for the first page and the rest of the pages. Actual page numbers and other running heads will be modified when publications are assembled. The total number of load cycles required to break the composite specimen was used as a straightforward cracking resistance comparison parameter for specimens with different interface conditions subjected to the same loading conditions. However, this parameter provided only the fracture resistance of the whole specimen without any information regarding the damage evolution in the specimen.
It has been well recognized that damage induced in the specimen can be measured by the specimen's stiffness reduction. As indicated earlier, the total recoverable deformation measurement is inversely related to the stiffness, so the change in total recoverable deformation can be used to monitor damage. A typical total recoverable deformation versus time plot is shown in Fig. 4 . As shown in this figure, the total recoverable deformation versus time curve can be divided into three stages: the initial stage, which is known to involve changes in temperature and local damage adjacent to the loading yokes; the second stage, which involves steady-state damage; and the final stage, when the crack propagates rapidly and the specimen breaks. The damage rate was defined as the slope of the steady state response portion of total recoverable deformation progression curve as shown by the line in Fig. 4 . 
Test Results
Top-down Cracking
The composite specimens used for this evaluation were prepared with OGFC and dense graded mixture designs commonly used in Florida. A conventional tack coat and PMAE (Novabond) from Road Science, LLC, were applied on the dense-graded specimen surface at an application rate of 0.204 l/m 2 and 1.358 l/m 2 , respectively. Based on finite element model (FEM) results and prior research experience with these materials it was determined that a peak load of 2535 N was appropriate. Three replicate specimens were prepared and tested for both the conventional tack coat interface and the Novabond interface. Figures 5 and 6 , which show test results for top-down cracking specimens in terms of number of cycles to failure and damage rate, clearly indicate that specimens with the Novabond interface outperformed the specimens with conventional tack coat in terms of cracking resistance. It appears that the relatively thick nature of the PMAE at the interface, along with the higher strain tolerance and excellent bond characteristics of the PMAE, results in an interface that can more effectively dissipate tensile stresses and provide greater resistance to damage. It is well known that the PMAE migrates upward into the high air void content OGFC, thereby filling voids in the aggregate and creating an interface of high cohesion. The CSIC successfully distinguished the expected difference in cracking resistance between these two interfaces.
Reflective Cracking
Three replicate specimens for each of the two types of interfaces, 0.453 l/m 2 diluted conventional tack coat and 0.905 l/m 2 Novabond, were prepared by Road Science, LLC for reflective cracking tests. The completed specimen, which involved the introduction of a Teflon spacer to represent an existing crack, which more effectively concentrated stress at the interface, is shown in Fig. 7 . Figures 8 and 9 , which show test results for top-down cracking specimens in terms of number of cycles to failure and damage rate, clearly indicate that specimens with the Novabond interface outperformed the specimens with conventional tack coat in terms of resistance to reflective cracking. Tests were performed at two load levels (1912 N and 2312 N), which correspond to low stress and high stress tests in Figs. 8 and 9 . The enhanced performance of the Novabond interface was observed for both stress levels. It appears that the Novabond PMAE was able to effectively dissipate tensile stresses even between two dense-graded mixtures. It should be noted that this benefit was observed in laboratory prepared specimens, for which it is possible for some of the PMAE to squeeze out from the interface during compaction (as compared to the field, where the PMAE has nowhere to go).
Conclusion
In this study, it was shown that the newly developed CSIC test successfully distinguished effects of pavement layer interface characteristics on both top-down and reflective cracking performance. The following conclusions can be drawn from this study:  This newly introduced test method can serve as tool for evaluating the cracking performance of interface materials on pavements.  The total number of cycles to failure, and damage rate are two effective measurements of cracking performance for composite specimens with different interface conditions.  Novabond PMAE increased both top-down and reflective cracking performance of composite specimens by increasing the cracking resistance of materials near the interface and by dissipating the stresses at or along the interface.
